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Cryo-electron microscopy and three-dimensional
image reconstruction are powerful tools for analyz-
ing icosahedral virus capsids at resolutions that
now extend below 1 nm. However, the validity of
such density maps depends critically on correct
identification of the viewing geometry of each par-
ticle in the data set. In some cases—for example,
round capsids with low surface relief—it is difficult
to identify orientations by conventional application
of the two most widely used approaches—*‘common
lines” and model-based iterative refinement. We de-
scribe here a strategy for determining the orienta-
tions of such refractory specimens. The key step is
to determine reliable orientations for a base set of
particles. For each particle, a list of candidate orien-
tations is generated by common lines: correct orien-
tations are then identified by computing a single-
particle reconstruction for each candidate and then
systematically matching their reprojections with
the original images by visual criteria and cross-
correlation analysis. This base set yields a first-genera-
tion reconstruction that is fed into the model-based
procedure. This strategy has led to the structural
determination of two viruses that, in our hands,
resisted solution by other means.

Key Words: 3D reconstruction; capsid structure;
common lines.

INTRODUCTION

All cats look gray in the dark.
—OId Spanish proverb

Icosahedral viruses have played a central role in
the development of cryo-electron microscopy (Adrian
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etal., 1984) and three-dimensional image reconstruc-
tion (Baker, 1992; Baker and Johnson, 1997; Chiu,
1993). Their large sizes and distinctive shapes made
them readily visible in low-contrast cryo-micro-
graphs and their high order of symmetry facilitated
reconstruction, and resolutions below 10A are now
feasible (Conway et al., 1997; Bottcher et al., 1997;
Trus et al., 1997). However, for a reconstruction to be
valid, the orientation of each capsid must be cor-
rectly identified. Moreover, the resolution of the
reconstruction is limited by the precision with which
the orientation angles are determined, among other
factors. Not all viruses are equally tractable in this
respect. Capsids with planar facets offer the advan-
tage that their outline varies markedly with viewing
direction—hexagonal in a threefold view, pseudo-
hexagonal in a twofold view, and round in a fivefold
view, whereas spherical capsids appear round from
any direction. Capsids with large protrusions project
conspicuous features that make them easier to solve
than smooth-surfaced capsids, and capsids contain-
ing nucleic acids generate noisier images than empty
capsids and are less easily solved.

Nowadays, model-based orientation recognition
(Baker and Cheng, 1996) is the method of choice. It
proceeds iteratively: a model is used to generate
projections in all possible directions and these projec-
tions are used to sort the original images by “super-
vised classification.” An improved model is then
calculated, and this procedure is repeated exhaus-
tively. However, to get started, one needs an unbi-
ased model of sufficient resolution and discrimina-
tory power.

Originally, orientations were determined by the
“common-lines” method (Crowther, 1971; Fuller, 1987;
Baker et al., 1988). Common lines are lines in the
Fourier transform of an image of a symmetric par-
ticle, along which the values should be identical—at
least for ideal, noise-free, data. Icosahedral symme-
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try provides 37 pairs of common lines for a single
particle. “Cross common lines” relate lines in the
transforms of different particles. In practice, on
account of noise, one calculates residuals, defined as
weighted sums of the discrepancies between all pairs
of symmetry-related points. The most likely orienta-
tion is the one with the lowest residual. Common-
lines has undergone further refinement (e.g., Thu-
man-Commike and Chiu, 1997; Béttcher et al., 1997,
Johnson et al., 1994) but has been superceded in
many studies by model-based methods. However,
common-lines has an advantage that may be ex-
ploited in the early stages of analysis in that it is
potentially capable of determining orientations from
single images.

Here we outline a strategy for solving the struc-
tures of viruses that resist other methods. The key is
to establish a small base set of correctly determined
particles. These yield a first-generation reconstruc-
tion that is then fed into the model-based procedure.
This approach evolved during our work on L-A—an
RNA virus of yeast (Fig. 1; Caston et al., 1997; Cheng
etal., 1994)—and has since been applied successfully
to poliovirus (Belnap et al., in preparation). Although
related strategies have been developed indepen-
dently by others (Baker and Cheng, 1996; Fuller
et al., 1996; Wikoff et al., 1997), none has been
described in detail and we present this report in the

FIG. 1. Cryo-electron micrograph of purified L-A viral par-
ticles. Empty and RNA-filled particles are clearly distinguished:
neither particle exhibits conspicuous features in these projec-
tions, even though the defocus (~1.67 pm, corresponding to a first
zero of the contrast transfer function at (25 A)~1)) is such as to
strongly convey frequencies typical of spacings between protein
subunits. Bar, 500 A.

hope that it may help others tackling similar
problems.

STRATEGY

Our method involves five steps: selecting a small
set of images for detailed analysis; determining
possible orientations by common lines; calculating
single-particle reconstructions (SPRs) for each orien-
tation; evaluating the SPRs by comparing their
reprojections to the original images; and evaluating
multiparticle reconstructions in the same way.

1. Select a Small Set of Promising Particles

Pick out a few (e.g., 5-10) particles that exhibit
relatively pronounced features that may be used to
discriminate between candidate orientations. Such
features are often most evident around the periph-
ery. Determine the centers for particles.

2. Determine Possible Orientations

Run a common-lines program (e.g., Fuller et al.,
1996) to find candidate orientations for each particle.
We typically keep the 25 solutions with the lowest
self-residuals. This “best list” may be reduced by
eliminating redundant solutions, i.e., orientations
that differ by only 2—-3°.

3. Calculate Single-Particle Reconstructions

Each candidate orientation is used to compute a
SPR. We compute SPRs at low resolution (e.g., 40-50
A); even so, they are usually very noisy. Noise may be
reduced somewhat by “unblobbing” (Conway et al.,
1996) or by setting to background, all densities
inside and/or outside a certain radius.

4. Compare Reprojections of SPRs
to the Original Images

SPRs may be used to screen candidate orienta-
tions by visual evaluation. It is often possible to
eliminate some candidates and to promote others by
visual comparison between SPR reprojections and
the original images, suitably band-limited (Fig. 2).
To rank the surviving candidates, each SPR is pro-
jected according to its input orientation and then
compared to the original cryo-EM image by cross-
correlation (see Eqg. (1) ). The orientation with the
highest correlation coefficient (CC) is taken as the
best orientation for that particle. The comparison
may be confined to its periphery, which often con-
tains relatively pronounced features and where the
signal from the edge of the particle is strong.
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0 [0} [0} residual-FV cc, cc,

730, -1.0,1340 325 (1) 0.563 (3) 0.555 (3)
870, 20,1320 356 (4) 0.556 (4) 0532 (7)
780, 7.0,1680 375 (5) 0.555 (5) 0.528 (8)
770, -10,131.0 395 (8) 0.554 (6) 0.541 (6)
80.0, -7.0, 99.0 40.2(10) 0572 (1) 0.556 (2)
780, -80, 98.0 408 (11) 0482 (11) 0.523 (10)
78.0, -6.0, 99.0 474 (18) 0.517(10) 0.524 (9)
84.0, 11.0, 360 47.5(19) 0.540 (7) 0.548 (5)
76.0, 9.0, 99.0 493(22) 0.533 (8) 0.551 (4)
80.0, 11.0, 250 49.6(23) 0.527 (9) 0.497 (11)
78.0, 3.0,112.0 499 (25) 0.568 (2) 0.572 (1)

4
(19) — (22)

(23)

(25)
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FIG. 2. Analysis of candidate orientations for an image of a L-A virion, shown in (a). (b) The same particle after imposing an annular
mask. (c) Alist of candidate orientations generated by the common-lines program, FINDVIEW. The orientations are defined by their Euler
angles (6, ¢, and w). The numbers given in parentheses in the fourth (residual) column show the ranking of each orientation in the “best
list,” according to its phase residual, given in degrees. (The original list of 25 was reduced to 11 by eliminating redundant solutions.) These
numbers are used to label the corresponding reprojections in (d). Columns CC; and CC, list the correlation coefficients obtained for each
reprojection with the masked (b) and unmasked (a) images, respectively. Rankings by this criterion are shown in parentheses for each
column. (d) Shown at the top left is the particle image from (a) after low-pass filtering at (40 A)~1; the remaining images represent
reprojections of the corresponding SPRs. Upon close visual inspection, it emerges that some candidates (e.g., (5), (11), (18), and (23) ) project
hexagonal profiles in significantly different orientations from the original image (a) and may thus be eliminated. Others show pronounced
features (like the striations in (8) or the round-as-opposed-to-hexagonal profile of (1), (4), (10), and (22) ) that are not shared by the original
image (a, d) and may be rejected for that reason. In terms of both correlation coefficients (last two columns—cf. Eq. (1) ), solutions (10) and

(25) are favored, of which solution (25) eventually prevailed.
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where p; is the reprojection image, and g; is the raw
filtered image.

5. Calculate and Evaluate Multiparticle
Reconstructions (MPRs)

At this point, the only way to further reduce the
noise level in the SPR is to combine particles.
Accordingly, calculate MPRs from two or more par-
ticles, starting with combinations of candidate orien-
tations that appear most likely. MPRs should be
evaluated by the same criteria as SPRs, in particu-
lar, visual and correlation-based comparison of repro-
jections with the original, band-limited images.

Once a base set is established, it is fed into a
standard application of model-based refinement
(Baker and Cheng, 1996), progressively drawing in
more particles and allowing increasingly precise
angular refinement. For capsids in the range of
30-45 nm in diameter, five or six particles should
suffice for a base set.

Criteria for Correct and Incorrect Solutions

How does one know that a given SPR or MPR is
correct? This is a difficult question: in practice, it is
hard to completely exorcise intuition, but the follow-
ing guidelines may help. If, on visually comparing
surface renderings, one SPR of particle A resembles
one SPR of particle B, both orientations may be
correct since at most one solution in each best list is
right. SPRs that depict very smooth, near-spherical
particles should be treated with caution. Base set
particles should remain stable with one solution and
not vacillate between two or more solutions. Adding
a particle to a current data set should produce an
overall increase in the correlation coefficients if the
newcomer’s orientation is correct. Moreover, the
resolution of the resulting MPR should improve
(Saxton and Baumeister, 1982; Conway et al., 1993).
Also, the structure visualized should also be consis-
tent with any a priori information that is available,
such as copy number (or triangulation number—
Caspar and Klug, 1962) or the oligomeric nature of
the capsomers.

A Case History

A cryo-micrograph of L-A virions is shown in Fig.
1. A set of empty particles was selected and a
common-lines list of the 25 most likely solutions was
obtained for each. After redundant solutions were
eliminated, the corresponding SPRs were calculated
to 40-A resolution and unblobbed. The candidates
were then evaluated, as illustrated for one particle in
Figs. 2 and 3. Some orientations (e.g., Nos. 5, 8, and

11) may be eliminated on grounds of evident visual
inconsistency between the SPR reprojection and the
original image (cf. Fig. 2d). The remaining candi-
dates were ranked in terms of their correlation
coefficients (Fig. 2c). Although correlation coeffi-
cients have limitations—e.g., they may vary only
slightly in value over a set that includes both cor-
rectly and incorrectly identified particles—it has
been our experience that solutions that rank high for
both correlation coefficients (total and annular) are
often correct. In this case, there are two such solu-
tions, Nos. 10 and 25. Of these, No. 25 seems to be a
better visual match and subsequent analysis indi-
cated that it was indeed the correct solution. None of
the 11 candidate SPRs is obviously correct or incor-
rect from visual inspection of their surface render-
ings (Fig. 3).

The correct relative handedness of particles whose
orientation angles have been established remains to
be determined (for determination of absolute handed-
ness, see (Belnap et al., 1997) ). In the convention
used here, there are two possible enantiomorphs
corresponding to values of » and o + 180°, respec-
tively, for the third Euler angle. Fixing the first
image, a second image may be combined with it with
either handedness (two solutions). Our strategy is to
establish consistent handedness for a manageably
small set of particles by calculating a MPR for each
permutation of handedness (e.g., eight such MPRs
with four particles) and to evaluate them as de-
scribed above. A comparison of three raw images
with their correct SPR reprojections and reprojec-
tions from the final MPR model illustrates their
mutual consistency (Fig. 4). Combining particles
with inconsistent handedness leads to an artifactual
symmetrization, a general smoothing, and a loss of
dynamic power. After enough particles have been
incorporated with consistent handedness to give an
MPR with sufficient resolution, it may be relied upon
to solve additional particles with consistent handed-
ness as the data set is expanded via the model-based
approach.

DISCUSSION

We have outlined a procedure for determining the
orientations of refractory virus particles (e.g., cap-
sids with smooth surfaces, roundish profiles, and
filled interiors). Using it, we were able to solve two
viruses that resisted solution by other means: L-A
(Caston et al., 1997; Cheng et al., 1994) and poliovi-
rus (Belnap et al., in preparation). We wished to
solve the latter virus de novo from cryo-micrographs,
even though a high-resolution crystallographic struc-
ture was available (Hogle et al., 1985). It was solved
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FIG. 3. Surface renderings of 11 SPRs, each corresponding to a candidate orientation for the trial particle (as listed in Fig. 2c), are
compared to that of the final, well-defined, density map (top left). Because of their high noise level, these images give no clear indication as
to which, if any, SPR corresponds to the correct orientation. In this respect, the corresponding reprojections from the SPRs proved to be

informative (see Fig. 2).

as outlined above: a two-particle reconstruction cal-
culated to 39-A resolution led, after numerous cycles
of model-based refinement, to a final 120-particle
reconstruction at 22-A resolution.

Use of SPRs was first reported by Fuller and
colleagues (Dokland et al., 1992; Venien-Bryan and
Fuller, 1994; Fuller et al., 1996). It has been our
experience that reprojections are more useful than
surface renderings for evaluation of SPRs (cf. Figs. 2
and 3) and we are not aware of them having been
used before. For larger viruses, the Fourier—Bessel
reconstruction method (Crowther, 1971) may not
allow SPRs to be calculated to resolutions high
enough to allow evaluation, although such SPRs
(albeit noisy) can be calculated by back-projection
(Radermacher, 1992).

Because it depends on the high order of symmetry
of icosahedral particles, which makes it possible to
calculate SPRs, the strategy described here does not
adapt readily to the analysis of particles with lower
symmetries. Nevertheless, some other approaches
are possible and have in common the principle of
seeking to enhance the signal or reduce the noise in
the data set:

(1) The S:N ratio may be enhanced by image
restorations that combine focal pairs or triplets

(Conway et al., 1997; Trus et al., 1997), thus expand-
ing the range of frequencies that are strongly con-
veyed. In marginal cases, the resulting improvement
may be enough to render the data solvable.

(2) Labeling particles with antibody fragments
or other bulky ligands will enhance the surface
relief, so that the various projections are more
strongly differentiated and may be recognized more
easily and with greater precision.

(3) Tomographic reconstructions (Walz et al.,
1998) produce density maps of individual particles of
any symmetry, although they are limited in resolu-
tion by the total electron dose. Such reconstructions,
enhanced by aligning and averaging, should serve as
a valuable source of starting models (Walz et al.,
1997).

(4) Negative staining (Kolodziej et al., 1997),
perhaps combined with low-temperature techniques
(Adrian et al., 1998), provides specimens with higher
contrast and greater radiation resistance that may
also serve as a source of starting models for recon-
structing cryo-electron micrographs.

(5) Angular reconstitution (van Heel, 1987) af-
fords another approach. In this case, the S:N is
boosted by class averaging after multivariate statis-
tical analysis. This is a powerful method, although
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Raw images

Filtered raw images

Reprojections from 3D model Reprojections from SPR

132

210 24

FIG. 4. Stepsin the calculation of an MPR of L-A virus made according to the procedure described. (a) Outer surface of a 3PR computed
from particles 132, 210, and 24. The views are along twofold (left) and fivefold (right) symmetry axes. (b) First row, original images; and
second row, band-limited images obtained after low-pass filtering at (40 A)~1. Reprojections of their SPRs in the assumed viewing
orientations (third row) are compared to reprojections (fourth row) obtained from the 3PR shown in (a).

its applicability depends, to some extent, on the
particle presenting a limited number of preferential
views and having enough structural irregularity to
generate images for which reliable classification is
possible.

It is not evident to us that any single method is
universally optimal. Rather, each kind of particle is

likely to be most amenable to some particular strat-
egy or combination of strategies. As the above list
illustrates, there is a fertile range of possible ap-
proaches. In three-dimensional analysis of single
particles, accurate and precise determination of ori-
entations represents what is often technically the
most challenging phase of the analysis.
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